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Abstract
The need for efficient, sustainable, and planned utilization of resources is ever more
critical. Several building energy analysis tools have been developed to assess energy
demands and lifecycle energy costs in buildings. Such analyses are essential for an effi-
cient heating, ventilation, and air conditioning design that overcomes the pitfalls of an
under/over-designed system. Studies have estimated air infiltration accounts for up to
50% of a building’s energy demand. This stresses the need that energy simulation
engines accurately account for air infiltration. An Enhanced Model for air infiltration has
been developed.
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Introduction and justification
Air leakage in building envelopes is a major component of a building’s heat load.
Studies estimate that infiltration accounts for 25% to 50% of the heating load in
both residential and commercial buildings (Jokisalo et al., 2008; Kirkwood, 1977;
Nevrala and Etheridge, 1977). Caffey (1979) attributed 40% of the heating or cool-
ing load in houses to infiltration. Similarly, Persily (1982) concluded that one-third
of the heating and cooling loads in a building are due to infiltration. The National
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Institute of Standards and Technology (NIST, 1996) estimates that 15% of the
heating loads in commercial building to be due to air infiltration. Younes et al.
(2012) reviewed in detail the aspects and significance of this loading and its sub-
stantial energy impacts on the building performance. The various methods and
techniques currently available for modeling and simulating this energy impact were
discussed. The advantages, disadvantages, and shortcoming of each method were
also discussed and highlighted. The proven impact of solar radiation, often ignored
by current methods, was also discussed. As a result, it was deemed necessary to
develop an enhanced method that better evaluates the heat loading and energy
impact of air infiltration. The aim is comprehensive infiltration energy load model
that integrates the interaction between solar radiations, conduction, and infiltration
into building energy load calculations. The Enhanced Model is supported by a
developed mass flow rate model which better evaluates the infiltration airflow rate
into a building envelope. This is critical since a more accurate evaluation of air
leakage into a building envelope is essential for a better evaluation of the energy
impact of this air leakage. The mass flow rate model accounts for controlling build-
ing and terrain characteristic such as building height, topography, terrain rough-
ness, elevation, wind speed, direction, and others.
Hourly building energy analysis engines are very popular and widespread in use for
building energy design and analysis. It is therefore essential that they estimate infiltra-
tion energy loads with a high relative accuracy. Especially that infiltration could repre-
sent up to 50% of the total building heat load. This accuracy is therefore essential for
an efficient mechanical equipment and overall building energy design. However, as
mentioned earlier, methods currently utilized in prominent building energy simulation
engines suffer from many shortcomings. For example, in DOE-2, a prominent hourly
energy simulation program and engine to several subsequent programs, ‘‘Infiltration in
building energy analysis is usually treated by very simple, approximate models’’ (York
and Cappiello, 1982). On the other hand, designers would have to resort to complex
and extremely time and computationally expensive computational fluid dynamics
(CFD) models to overcome such inaccuracies. However, the practicality of CFD analy-
ses dwindles rapidly when dealing with real life-size building envelops and applications
such as multistory building for example. Performing a multiphysics CFD analysis for
such an envelope require immense computation power, extensive model building and
meshing times, overcoming various complexities to adequately accounting for all con-
tributing factors, and extensive periods for analysis.
The aim of the developed model is to overcome the current dilemma of accuracy
versus efficiency. The model serves as a tool that helps designers to quickly, accu-
rately, and efficiently simulate infiltration heat loads. In the following sections, the
methodology for a comprehensive infiltration energy load model that (1) integrates
the interaction between conduction, solar radiation and infiltration, and (2) incor-
porates the developed airflow rate model is presented. The model is formulated to
be discretized for use and integration into hourly building energy simulation soft-
ware in an effort to increase the accuracy of their infiltration energy load calcula-
tions. Consequently, this would improve their overall energy simulation accuracy.
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This work builds on the research of Liu and Claridge (Claridge and Liu, 1996; Liu,
1992; Liu and Claridge, 1992). The new airflow rate model considers the impact of
surface roughness, topography, wind speed, wind direction, building height, and
other factors that influence infiltration. The model developed will be referred to
throughout this work as the Enhanced Model.
Combined infiltration, conduction, and solar load model
Infiltration, conduction, and incident solar radiation act jointly allowing heat
exchange to occur in the building envelope and impact the energy load due to air
infiltration. Several models have been suggested to enhance infiltration calculations
and incorporate the effect of heat exchange due to heat storage in the thermal mass
of the envelope wall into infiltration energy load calculations. Earlier models such as
in Anderlind (1985), Kohonen (1985), Kohonen and Virtanen (1987), and others tend
to be based on some linear reduction factor, depend on steady thermal properties,
and ignore solar radiation. Solar radiation has been shown by Liu (1992), through
testing, to contribute to this process and affect heat exchange occurring between the
walls of the envelope and infiltrating air. A later model which was presented by
Buchanan and Sherman (1998) disregards incident solar energy. CFD models created
by the authors to verify the method suffered from convergence issues. A three-
dimensional (3D) CFD grid reduction from 140,000 to 33,000 nodes was performed
in order to obtain CFD model convergence, yet no verification was performed for
grid dependency of the solution. Later experimental work (Brownell, 2002) revealed a
lack of agreement with the Buchanan and Sherman (1998) model results. Finally,
according to the authors, the model is not for incorporation into network codes and
‘‘doesn’t capture the full physics of the problem’’ (Buchanan and Sherman, 1998).
Based on the previous discussion, the model that will be used and built upon in
the methodology of the Enhanced Model is that which was proposed by Liu and
Claridge and presented in Claridge and Liu (1996), Liu (1992), Liu and Claridge
(1992), and Liu and Claridge (1995). The model is reviewed and verified. It is based
on a second-order nonlinear dynamic differential equation. This model accounts for
variable temperatures, changes in infiltration flow rate ( _m), the role of solar radiation,
and finally considers the interdependence and interaction between solar radiation,
conduction, and infiltration. The resulting model is presented below using simplifica-
tions from Patankar (1980). This infiltration energy load model will be formulated
for integration into the hourly heat load calculations of hourly building energy simu-
lation software. Heat components accounted for by hourly software include heat
loading due to conduction, occupants, lighting, task lighting, and others.
Enhanced Model underlying differential equation
The underlying concept of the differential equation is a heat balance. There are
three assumptions inherent into the use of this equation: (1) air and solid material
have an identical temperature at any position, (2) infiltration flow is represented by
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the air mass flow rate _m, and (3) constant physical properties of solid wall material.
The controlling differential equation, equation (1), shows the one-dimensional (1D)
heat balance
Qx  Qx+ dx+Qa, x  Qa, x+ dx= dQ ð1Þ
where dQ represents the heat storage rate in control volume.
The terms in equation (1) can each be represented as
Qx= k dT
dx
dt ð2Þ
Qx+ dx= k dT
dx
dt  k d
2T
d2x
dxdt ð3Þ
Qa, x= _mCpTdt ð4Þ
Qa, x+ dx= _mCpTdt + _mCp
dT
dx
dxdt  CpT d _m
dx
dxdt 1 ð5Þ
dQ=
dT
dt
rC+ graCp
 
dxdt 2 ð6Þ
Note:
*1There is not much change in airflow rate with path, t the last term in equation
can be ignored.
*2Air heat capacity is much lower than the solid heat capacity; thus, the second
term in equation (6) (graCp) can be ignored.
where _m represents air infiltration rate, Cp represents specific heat of air, C repre-
sents specific heat of solid, r represents density of solid material, ra represents den-
sity of air, g represents porosity of wall, k represents conductivity of solid material,
T represents temperature, and t represents time. The controlling differential equa-
tion is applied on each wall of the building envelope. In the sections below, the
equation will be discretized into a characteristic matrix with n nodes. Each node
represents a layer of the wall whether a solid material layer, air layer, or other.
Replacing all the terms in equations (2)–(6) in equation (1) and reducing it
results in the equation shown below, a 1D, second-order nonlinear equation
rC
dT
dt
= k
d2T
d2x
 _mCp dT
dx
ð7Þ
Equation (7) is a second-order nonlinear dynamic differential equation and
therefore has no analytical solution. A numerical method will be used to obtain
solutions for the differential equation using expressions from Patankar (1980,
Chapter 3).
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Development of numerical model
The differential equation is discretized for a set of nodes. The central node is
denoted as P. The node on its east is denoted as E and the node on the west is
denoted as W. The midpoint of the distance between the nodes P and E is denoted
as e and that between P and W is denoted as w. These nodes and notations are
shown on Figure 1.
Internal node (layer). A control volume is taken over Dx between w and e and a
double integration of equation (7) over time and space is performed as shown in
equation (8)
ðt+Dt
t
ðx+Dx
x
rC
dT
dt
dxdt=
ðt+Dt
t
ðx+Dx
x
k
d2T
d2x
dxdt 
ðt+Dt
t
_mCp
dT
dx
dxdt ð8Þ
For a small enough control volume, dT=dt, r, C, _m, Cp and k are constant within
the control volume. Therefore, integrating over space (Dx), equation (8) results in
equation (9)
ðt+Dt
t
rC
dT
dt
Dxdt=
ðt+Dt
t
k
dT
dx
 
e
 k dT
dx
 
w
 
dt 
ðt+Dt
t
_mCp Te  Twð Þdt ð9Þ
Utilizing term simplification from Patankar (1980), equation (9) can be
expressed as
ðt+Dt
t
rC
dT
dt
Dxdt=
ðt+Dt
t
k
dx
 
e
TE  TPð Þ  k
dx
 
w
TP  TWð Þ
 
dt 
ðt+Dt
t
_mCp Te  Twð Þdt
ð10Þ
Integrating equation (10) over time results in equation (11)
rCDx TP  T0P
 
=
k
dx
 
e
TE  TPð ÞDt  k
dx
 
w
TP  TWð ÞDt  m: Cp TE  TWð ÞDt
ð11Þ
dxw dxe 
P E 
Δ x 
W 
Figure 1. Nodes and notation.
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where T 0P represents the previous temperature of center node, TP represents the cur-
rent temperature of center node, TE represents the current temperature at east node,
and TW represents the current temperature at west node.
Rearranging equation (11) results in equation (12)
TP
rCDx
Dt
+
k
dx
 
e
+
k
dx
 
w
 
+ TW  k
dx
 
w
 m: Cp
 
+ TE  k
dx
 
e
+ m
:
Cp
 
=
rCDx
Dt
T0P ð12Þ
Following simplifications from Liu (1992), let
aw=  k
dx
 
w
 m: Cp ð13Þ
ae=  k
dx
 
e
+ m
:
Cp ð14Þ
a0P=
rCDx
Dt
ap= a
0
P  aw  ae
Therefore, equation (14) becomes
awTw+ apTp+ aeTE= a
0
PT
0
P ð15Þ
External and internal wall surface nodes (layer). A discretization similar to that shown
above is performed for nodes located on external and internal wall layers. The dis-
cretization methods can be found in Liu (1992). The resulting discretization allows
obtaining ae, aw, a
0
P, ap, S, TP, TE, I, ho, Ta, Dt, Tr, and hi for these nodes, where TP
represents the temperature of outside surface, TE represents the temperature of east
node, I represents solar radiation absorbed by the wall, h0 represents the heat trans-
fer coefficient by outside boundary layer of the wall, Ta represents the ambient air
temperature, Dt represents the time step, Tr represents the room temperature and hi
represents the heat transfer coefficient by inside boundary layer of the wall. Shown
below is the discretization for the equations of the external node representing the
external layer of the wall subject to ambient conditions. This is particularly impor-
tant considering that solar radiation (I) flux into the system is incident on the outer-
most layer of the wall.
Outside wall surface. A node on the outside surface of the wall is subject to solar
radiation, outside air temperature, and the infiltrating air. The node P is taken on
the surface of the wall and the control volume has half the volume of the regular
control volume, as shown in Figure 2. The energy balance equation for the external
node is therefore defined by equation (16)
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TP _mCp  1
2
TP  TEð Þ _mCp+ I+ ho Ta  Tp
 
+
k
dx
 
e
TE  TPð Þ= rCDx
2Dt
 
e
TP  T0P
  ð16Þ
Therefore, equation (16) is expressed as
apTp+ aeTE= a
0
PT
0
P + S
ae=  k
dx
 
e
+
1
2
m
:
Cp
a0P=
rCDx
2Dt
ð17Þ
ap= a
0
P  ae+ h0
S= I+ h0Ta
Final discretization
A wall with n-1 layers has n nodes (Figure 3). Each node type has a specific equa-
tion as discussed above, with special equations for each of the following:
 Node on the outside surface of the wall;
 Interior nodes (for interior layers);
 Node on the inside surface of the wall.
All the equations (one for each node) are assembled into the matrix in equation
(18). Equation (1) (node 1) represents the external layer of the wall subject to ambi-
ent conditions, while the last equation (node n) represents the internal layer of the
wall. In case multiple nodes are selected per layer, the superscript shown attached
to the temperatures in equation (18) indicates the node numbers within a single
Δ x 
P E
dx Solar
Conducon
Figure 2. Node on the outside surface of the wall.
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layer, while the subscript indicates the layer numbers. However, in the developed
Enhanced Model only 1 single representative node is intended for each layer.
Therefore, the node number will be identical to the wall layer number and the tem-
perature superscript numbering can be dropped as shown in equation (19). The
solution for the matrix is the temperature of each node
a1p
a2w
..
.
a1e
a2p
..
.
0
a2e
..
.
0
0
..
.
. . .
. . .
..
.
anw
0
0
..
.
anp
0
BBB@
1
CCCA
T11
T12
..
.
T1n
0
BBB@
1
CCCA=
a0p 1ð ÞT01
a0p 2ð ÞT02
..
.
a0p 1ð ÞT0n
0
BBBB@
1
CCCCA ð18Þ
Once the layer temperatures are determined, the combined conduction and infiltra-
tion heat flux in the case of infiltration are determined using equation (19).
Equation (18) can be solved using a Gauss elimination, particularly the Thomas
Algorithm, since the resulting system is typically a tridiagonal system
qd ið Þ= hi+ _mCp
 
Tr ið Þ  Tn ið Þð Þ ð19Þ
where _m represents the infiltration mass flow rate, hi represents heat transfer coeffi-
cient of inside boundary layer of the wall, Cp represents specific heat capacity of
air, Tr represents room temperature, and Tn ið Þ represents the node temperature of
layer n of the wall.
From this combined conduction and infiltration hourly heat flux, the hourly infil-
tration energy loads can be obtained by subtracting hourly conduction loads obtained
from hourly analyses. The model’s overall framework is presented in Figure 4.
Infiltration mass flow rate model
In order to evaluate the energy load of air infiltration, it is essential to determine
the infiltration flow rate. This indicates the amount (volume) of air infiltrating into
1 2 3 n-1 n
Figure 3. Wall with n layers and n nodes.
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a building, based on which the energy load due to this infiltration flow rate can be
determined. Air infiltration into a building is driven by pressure differences across
the building envelope under various ambient conditions. Several traditional meth-
ods evaluate the infiltration flow rate using fixed constants or percentages. An
example is the air change method, a widely used method. In this method, the vol-
ume of infiltrating air per hour is defined as a fraction of the total volume of a
room. For instance, an air change rate of 0.2 air changes/hour (ACH) implies that
the volume of infiltrating air is equal to 20% of the room or space volume. Such
methods assign a fixed value to the infiltration flow rate and do not take into
account various dynamic factors that control and fluctuate the infiltration flow
rate. Weather conditions, air temperature, wind speed, wind direction, and several
other dynamic factors influence the air infiltration flow rate, and therefore defining
this flow rate using a fixed constant is a major source of inaccuracy. Consequently,
it is essential to devise a methodology for calculating hourly infiltration airflow
rates based on prevalent weather or climatic conditions and local characteristics.
Infiltration airflow is driven by a pressure gradient across the building envelope.
The driving pressure is composed of two primary components: wind pressure and
stack pressure (stack effect). The stack pressure is a function of the building height
Combined Solar, 
Conduction & 
Infiltration 
Model
Incident Solar 
Light, I
Mass flow 
rate,
Hourly Weather 
(weather File):
- Temperature
- Wind Velocity
- Wind DirectionMaterial 
Properties 
(Input/Library)
Combined 
Heat Flux
New Infiltration 
Hourly Load
- (Hourly Conduction 
Load)
m&
Figure 4. Model incorporation into hourly calculations.
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and ambient air temperatures (indoor and outdoor), while the wind pressure is
mainly affected by the wind velocity, wind direction, local terrain and topography,
and building shape characteristics. In Younes et al. (2012), the driving mechanisms
of air infiltration are discussed in detail. Evaluating infiltration airflow by consid-
ering the stack effect and local wind pressure allows various dynamic air infiltra-
tion driving factors and building-specific characteristics to be considered rather
than using a generic fixed constant or even a statistical curve fit. Following is a dis-
cussion of the methodology utilized for evaluating both the stack pressure and
wind pressure.
Stack effect
The roots of the stack effect lie in the temperature differences across the building
envelope. As expresses by the ideal gas law (equation (20)), air density is a function
of temperature. Therefore, the different temperatures on the inside and outside of
a building result in a difference between the inside and outside air densities
r=
P
RT
ð20Þ
where r represents air density, P represents air pressure, R represents the specific
gas constant, and T represents temperature.
In turn, this difference in air density across the building envelope results in air
buoyancy differences and different air pressures on the inside and outside of the
building. This pressure difference across the building envelope results in a pressure
gradient over the height of the building known as the ‘‘stack effect’’ which partially
drives the flow of infiltrating air. The ‘‘stack pressure’’ gradient varies with the
height of the building since, as defined by equation (21), at a specific air density
(r), the air pressure value varies with the height of the air column
P= r g h ð21Þ
where g represents the gravitational acceleration constant and h represents the
height of air column.
The neutral pressure level (ynpl) is defined as the height at which the interior pres-
sure equals the outside pressure as shown in Figure 5.
The stack pressure can be defined by equations (22) to (26)
Pin yð Þ=Po in  rin gy ð22Þ
Similarly
Pout yð Þ=Po out  rout g y ð23Þ
DPs yð Þ= Pin yð Þ  Pout yð Þ ð24Þ
10 Journal of Building Physics 0(0)
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) DPs yð Þ= Po in  rin g yð Þ  Poout  rout g yð Þ ð25Þ
DPs yð Þ= Po in  Pooutð Þ  g y rin  routð Þ ð26Þ
where Po in represents the inside pressure at the wall base, Po out represents the out-
side pressure at the wall base, y represents the distance from the bottom of wall, H
represents the total wall height, rin represents the inside air density, rout represents
the outside air density, and g represents the gravitational constant
For simplification, a reference pressure is taken on the outside surface at the bot-
tom of the wall (Deru and Burns, 2003). Therefore, Po out is taken as Po out = 0. Po in
is then defined with respect to the reference pressure as follows
Po in= rin R Tin ð27Þ
Po out= rout R Tout ð28Þ
) Po in= rin  routð ÞR Tin  Toutð Þ forPo out as reference ptð Þ ð29Þ
where R represents the specific gas constant and T represents the indoor
temperature.
Wind pressure
The flow of air around a building creates a wind pressure on the building. The
pressure intensity, distribution, and nature over the building envelope vary by loca-
tion. A generic illustration of wind pressure distribution over a low-rise building is
Inside
outside
y
H
    y npl
Tin
ρin 
Tout
ρout 
Figure 5. Stack effect on the walls of the building envelope.
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shown in Figure 6. The wind pressure intensity depends on the air density,
wind speed, and building shape characteristics expressed as a pressure coefficient,
Cp wind. The general expression of the wind pressure intensity is given by equation (30)
Pw=
1
2
rair CpwindV
2 ð30Þ
where Pw represents the wind pressure, rair represents the outside air density, and V
represents the wind speed.
The wind speed is usually recorded by weather stations at a height of 10 m
(;30 ft) over a flat terrain. However, this might not reflect the actual terrain, sur-
roundings at the building location, or the actual height of the building. Therefore,
it is essential to incorporate a set of corrections to adjust the wind speed to local
conditions and local topography at the building site.
Wind pressure coefficients, Cp wind, are non-dimensional coefficients that repre-
sent the wind pressure distribution over a body and from which the wind pressure
at a specific location over the building envelope can be calculated based on the local
wind velocity and using equation (29). The general expression of the Cp wind coeffi-
cient is given by equation (31). Pressure coefficients are generally calculated from
data obtained through experimental testing, wind tunnel or full-scale tests, on vari-
ous building shapes and heights.
Cpwind =
P Po
1
2
rairV
2
ð31Þ
Following is a discussion of the methodology used for calculating all the compo-
nents of the wind pressure expression (equation (30)). Included is a discussion of
all the corrections performed to account for wind direction, local shielding, terrain
roughness, and building shape properties.
Figure 6. Pressure on a typical gable, hip roof house (Figure 6-6 in American Society of Civil
Engineers (ASCE) 7-05, 2006).
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Wind pressure coefficients. Wind pressure coefficients can be obtained from several
sources and databases. However, the wind pressure coefficients can vary largely
over the surface of a structure. This would make wind pressure computations for
infiltration airflow rate calculations overly complicated and computationally
expensive. Therefore, average Cp values will be used for each surface. These values
can be obtained from ASCE 7-05 (2006: Figure 6-6), shown in Table 1.
Wind direction. Cp wind values are primarily based on a wind direction normal to the
receiving surface. However, under normal conditions, wind directions vary and are
not necessarily normal to the receiving surface. In order to correct the pressure
coefficients for variations in wind direction, several models are available. Examples
include COMIS Group (Feustel and Rayner-Hooson, 1990), Swami and Chandra
(1988), Walton (1982), Cp Generator-Dutch institution Toegepast Natuurweten-
schappelijk Onderzoek (TNO) and others.
Wind incidence angle. The wind incidence angle will be obtained from the hourly
weather file data. However, in some hourly energy simulation engines (such as
DOE-2), wind angles are reported by sector number. The full 360 is divided into
24 sectors of 15 each. Therefore, in order to determine the wind direction, the wind
incident angle will be taken to be at the middle of the reported sector. Therefore,
the wind incident angle can be calculated using equation (32)
udeg= Weatherfile Sector#ð Þ 158ð Þ+ 158
2
ð32Þ
Wind speed. Wind speed measurements are usually performed in airports or local
weather stations with an open terrain. The measurements are usually performed at
a height of 30 ft (;10 m). Buildings, however, exist in various terrains that could
differ in roughness from a flat terrain, and at heights that could differ from the 30
ft wind speed measurement height. In order to determine local wind speeds, the
power law is used. The recorded mean wind speed will be used along with coeffi-
cients that account for variation in terrain roughness, building height, and measur-
ing station height in order to calculate the local wind speed. The general expression
of the power law is given in equation (33)
Table 1. External pressure coefficient, Cp (ASCE 7-05, 2006: Figure 6-6).
Wall pressure coefficients, CP
Surface L/B Cp
Windward wall All values 0.8
Leeward wall 0–1 20.5
2 20.3
4 20.2
Side wall All values 20.7
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V = VZ ref
  Z
Zref
 1=a
ð33Þ
where Z represents elevation, Zref represents elevation of measuring point, VZref
represents the measured wind speed at Zref, V represents the wind speed at eleva-
tion Z, and 1=a represents the coefficient corresponding to surface roughness.
The general form of the power law can be used to calculate the wind speed at dif-
ferent heights for the same location. However, to calculate the wind speed at a loca-
tion different from the wind speed measurement location and at a different height
and surface roughness, a compound form of the power law will be used. The used
expression is given by equation (34) and the various surface roughness coefficients
are shown in Table 2
V = VZ Open
  ZgOpen
ZOpen
 1=a open
Z
Zg
 	1=a
ð34Þ
Figure 7 represents a summary of the various envelope- and location-specific
factors that are considered in the evaluation of the wind pressure driving compo-
nent of infiltration air leakage.
Local shielding parameters. Local obstructions surrounding a building can actively
shield it from the full impact of wind. For instance, large adjacent buildings, lines
of trees, and so on can shield the building under consideration consequently reduc-
ing the wind pressure incident on it. A single row of high-density wind shielding
can result in a 60% reduction in infiltration airflow when present within four-tree
heights from a building (Stathopoulos et al., 1994). Therefore, due to its proven
impact, it is essential to take into account the affect of shielding in reducing the
wind pressure, Pw, on a building and consequently the affect of shielding on infiltra-
tion airflow rate. Sherman and Modera (1986) developed coefficients that can be
applied onto Pw to account for shielding effects and accordingly reduced infiltration
flow rates. Deru and Burns (2003) normalized those coefficients by the shielding
coefficient of Class I (minimum shielding) for use in situations in which only the
effects of local shielding are required (Table 3). In this methodology, these shielding
Table 2. Roughness coefficients (Simu and Miyata, 2006).
Class 3 s gust speed Mean hourly speed Description
1/a Zg ft (m) 1/a Zg ft (m)
I 1/11.5 700 (213) 700 (213) Open water body/ocean
II 1/9.5 900 (274) 0.16 900 (274) Open terrain, flat terrain with
isolated obstacles
III 1/7 1200 (366) 0.28 1200 (366) Suburban terrains, towns
IV 1500 (457) 0.4 1500 (457) Centers of large cities
14 Journal of Building Physics 0(0)
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coefficients will be used and applied onto the wind pressure Pw as shown in
equation (35)
Pw=
1
2
rairC
0
pwindV
2
Pw + Shielding =(SC)Pw ð35Þ
where Pw+Shielding represents the wind pressure with shielding effects taken into
account, SC represents the normalized shielding coefficient, C0pwind represents the
pressure coefficient corrected for wind direction, and V represents the local wind
speed corrected using the power law.
Infiltration mass flow rate
The infiltration flow rate through the building envelope can be represented by an
orifice equation. The general expression for flow through an orifice is given by
equation (36)
_m=CDA
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 rDP
p
ð36Þ
where _m represents the mass flow rate, A represents the opening area, r represents
the leaking air density, and DP represents the total driving pressure.
The orifice equation has been utilized with slight variations to represent the mass
flow rate of air leakage into the building envelope. The examples include Crall
(1983), Deru and Burns (2003), Feustel and Kendon (1985), Persily and Emmerich
(2009), and others. Complex leakage through complex holes and small openings
has been shown to have a slightly different dependence on the pressure difference
(Deru and Burns, 2003). Therefore, the flow rate is expressed in equation (37)
_m=CAe
ﬃﬃﬃﬃﬃ
2r
p
DPð Þn ð37Þ
Table 3. Normalized shielding coefficients from Deru and Burns (2003) based on Sherman and
Modera (1986).
Class SC Description
I 1.0 No obstructions or local shielding
II 0.880 Light local shielding with few obstructions
III 0.741 Moderate local shielding, some obstructions within 2 house heights
IV 0.571 Heavy shielding obstructions around most of the perimeter
V 0.315 Very heavy shielding, large surrounding obstructions within 2 house heights
SC: shielding coefficients.
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where C represents the orifice flow coefficient, Ae represents approximate leakage
area, r represents the density of infiltrating air, and n represents the flow exponent
(0.5\ n\ 1).
In order to calculate the infiltration mass flow rate using equation (37), the vari-
ous equation entries must be finalized and determined as shown below.
Effective leakage area. Material effective leakage area can be obtained from
ASHRAE Handbook (Table 1, page 25.15). The effective leakage area for various
materials has been determined in ASHRAE at a pressure difference of 0.016 in of
water and a CD value of 1. These values have been obtained through a study by
Colliver et al. (1992). For different reference pressures, airflow rates, and flow coef-
ficients, the values of effective leakage area can be corrected using equation (38)
from the ASHRAE Handbook
Ar, 2=Ar, 1
CD, 1
CD, 2
 
DPr, 2
DPr, 1
 n0:5
ð38Þ
where Ar, 1 represents the air leakage area at a reference pressure difference DPr, 1,
Ar, 2 represents the air leakage area at a reference pressure difference DPr, 2, CD, 1
represents the discharge coefficient used to calculate Ar, 1, CD, 2 represents the dis-
charge coefficient used to calculate Ar, 2, and n represents the flow exponent.
Another source for effective leakage area is available literature. In most litera-
ture, air leakage is presented using an overall estimated leakage area for the build-
ing envelope rather than crack-specific dimensions. Few sources provided
dimensional characteristics for cracks in the plain of a wall: primarily Hopkins and
Hansford (1974), Liu (2002), and Liu and Nazaroff (2001). Also, data from the Air
Infiltration and Ventilation Center (AIVC) databases can be used to determine the
dimensions of leakage area characteristics at various locations in the building
envelope. These include Orme (1994) and Orme et al. (1998).
Using a combination of data from available literature, the AIVC and ASHRAE,
it is possible to identify the effective leakage area necessary for calculating the air
leakage mass flow rate.
Flow exponent. The flow exponent ranges between 0.5 and 1.0 (0.5  n 1), where
0.5 is in the case of turbulent flow and 1.0 is for the case of laminar flow. Diffusive
air leakage through minute cracks and microscopic leakage paths in the building
envelope is characterized by a laminar flow, and therefore n = 1 could be adopted
in the methodology of the Enhanced Model.
Pressure gradient, DP. The driving pressure gradient is a combination of the stack
effect and wind pressure. Thus, DP is calculated as shown in equation (39)
DP=PStack +PWind+ Shielding ð39Þ
Figure 8 summarizes all the building-specific characteristics and location factors
incorporated into the air leakage mass flow rate calculations.
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Hourly infiltration heat load
With all the necessary components determined, equation (36) can now be applied
hourly. This will yield an hourly air leakage rate based on local variable hourly con-
ditions, building characteristics, building location, and building envelope material
properties. The obtained hourly mass flow rate is now applied into the Enhanced
Combined Heat Model (equation (19)) which incorporates the building material
properties, building envelope properties, temperature conditions, solar radiation,
and others. This allows the calculation of an hourly infiltration heat load.
Enhanced Model validation process
Validating the accuracy of the developed Enhanced Model is essential for support-
ing its implementation. The preliminary objective of the Enhanced Model was to
overcome the dilemma of accuracy versus efficiency by approaching the accuracy
of complex CFD analyses while maintaining the high simulation speed characteris-
tic of hourly energy simulation programs. Therefore, to validate the relative accu-
racy of the Enhanced Model versus CFD and to demonstrate the improvement in
accuracy over methods currently used in hourly energy analysis programs, several
test cases need to be run. The test cases will be analyzed using (1) Enhanced Model,
(2) CFD, and (3) various methods in current programs, then the collected output
will be analyzed. In order to isolate the energy effect of infiltration, all aspects and
properties should be matched across the 3 sets of methods. These include the fol-
lowing: indoor air temperature; wall properties and construction; material proper-
ties; building envelope orientation; solar conditions and illumination or irradiation;
ground temperature and weather conditions, wind velocity, ambient temperature,
wind angle, and so on; building occupancy patterns, infiltration multipliers (where
Figure 8. Mass flow rate calculation and components.
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applicable), heat sources, and others. The outline of the adopted validation process
of the Enhanced Model and for demonstrating its accuracy over currently used
methods is represented in Figure 9.
Survey Infiltration  
Models that 
consider 
Interaction of Heat 
Phenomena
Select model to 
base upon
Further Develop 
and Discretize 
Model
Build Mass 
Flow Rate 
Model
Build 
Enhanced 
Model
Enhanced Model 
Simulations
Evaluate Cracking in 
Buildings:
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Verify Relative Accuracy of 
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Figure 9. Major steps followed to develop and validate the relative accuracy of the Enhanced
Model.
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The CFD model developed to validate the relative accuracy of the Enhanced
Model is a 3D multiphysics, hygrothermal transient model. These simulations of
building air infiltration incorporate wind flow (and pressure), heat transfer, solar
tracking (and irradiation), and site-dependent variable weather conditions and fac-
tors. The model employs a full representative 3D building envelope and meticu-
lously depicts the various common cracks that exist in an envelope in terms of
shape, location, and quantity. This includes cracks that exist within the plane of a
wall (of various shapes: straight or zigzag), at joints and interfaces (i.e. corners,
wall-ceiling joints, etc.), and around electrical and plumbing inlets or outlets. It
accounts for the true multiphysics hygrothermal nature of the problem through
coupling airflow simulation with the occurring heat exchange. An example of a
resulting geometry for a sample CFD simulation is shown in Figure 10. The 3D
geometry is composed of 6 ft 3 6 ft two-layer cavity brick walls with a concrete
base and ceiling. Hundreds of minute cracks are incorporated into the geometry of
each simulation based on cracking data reported in literature for walls (material
dependent), joints, corners, and electrical/plumbing inlets or outlets. Cracking pat-
terns, quantity, and sizes are based on data from ASHRAE, the AIVC and various
literature. These include Hopkins and Hansford (1974), Liu (2002), Liu and
Nazaroff (2001), Orme (1994), Orme et al. (1998), and ASHRAE Book of funda-
mentals (2001).
The transient simulation (for each CFD case) is of 1 h (3600 s) time steps and
spans for 744 time steps. This represents 744 h of flow time for each simulation.
Figure 10. An X-ray of a sample resulting 3D model geometry showing all in-plain, joint, and
electrical or plumbing cracks.
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This flow time is equivalent to 1 month of real time. The time step span and simu-
lation duration are taken as such to be consistent with the output obtainable from
DOE-2/eQUEST (hourly simulation programs) and the Enhanced Model simula-
tions. As a result, the output of the three models (CFD, Enhanced Model, and
hourly programs) can be compared at an hourly basis under consistent conditions
and with an adequate number of output data points (744) for each test case.
Preliminary results and conclusion
Performing a full month simulation for each test case using an hourly energy analy-
sis program (i.e. eQUEST/DOE-2) or the developed Enhanced Model is a fast pro-
cess and non-resource intensive. However, the multiphysics CFD analysis for each
of the test cases is very resource intensive and time-consuming. These simulations
require extensive time duration to perform all necessary calculations and iterations
for a good-quality solution. This issue is especially critical considering that each of
the simulated CFD cases contains more than 15 million elements and that simula-
tions need to span a flow time of 31 days (744 h). The issue is further compounded
by the fact that at each time step (hour of flow time), various weather variables
such as wind velocity and temperature are modified to match the weather file uti-
lized in the two other models for each test case. However, this is essential in order
to compare the three models under uniform conditions as discussed in Figure 9.
Preliminary results highlight the inaccuracy problem and the vast inconsistency
among existing methods (in DOE-2, eQUEST, etc.) while indicating the improve-
ment in accuracy resulting from the developed Enhanced Model. For example,
comparing on a wall-by-wall basis, the peak hourly load obtained from a sample
wall using the air change method is 63.952 versus 238.63 W from ASHRAE
Enhanced for the same wall. Similarly, for another wall the result obtained using
the air change method is 146 versus 894.692 W using ASHRAE Enhanced. This
vast divergence between the various existing methods is a main indication for the
need to develop a more accurate model such as the developed Enhanced Model
that retains the speed of simulation characteristic while improving accuracy. These
two methods were chosen at this stage for comparison out of the five available
methods since they represent both ends of the spectrum in terms of complexity of
available methods.
While hourly results are important, the real impact is observed by comparing
cumulative results. Especially that building energy utilization measurements are on
cumulative basis (expected monthly energy bill for example). Preliminary results
for a sample test over a month period of simulation time reveal the following rela-
tive errors in estimation infiltration energy loads versus CFD analysis results: air
change method (94.48%), ASHRAE Enhanced (79.23%), and Enhanced Model
(4.35%). As seen in these preliminary results, the developed Enhanced Model
results in up to 90.13% reduction in error over currently utilized methods in hourly
energy analysis programs for calculating infiltration energy loads versus a complex
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multiphysics hygrothermal CFD analysis. The sample result presented is for a sam-
ple wall component of the building envelope.
Simulation of further comparison test cases for the three models is necessary to
further establish the relative accuracy of the developed Enhanced Model under dif-
ferent conditions and building envelope characteristics. CFD is one of the most
accurate numerical methods currently available. It is utilized for numerous design
applications and its high accuracy has been repeatedly verified with testing.
However, beyond verifying the relative accuracy of the developed Enhanced Model
using CFD analysis, experimental verification on a later stage is indispensable.
Hourly energy analysis programs are widely popular among designers and
energy analysts primarily due to their ease of use and simulation speed. The
improvement in simulation of infiltration heat loads allowed by the Enhanced
Model will allow primarily for a more accurate prediction of overall building heat-
ing and cooling loads resulting in more accurate heating, ventilation, and air condi-
tioning (HVAC) sizing and more efficiently performing HVAC systems.
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Appendix 1
Notation
C (airflow) flow coefficient
Cp (heat) specific heat of air
Cp (wind) wind pressure coefficients
C0p pressure coefficient corrected for wind direction
E east node
H zone height
I intensity of solar radiation
K heat conductance
k flow coefficient
_m infiltration mass flow rate
n flow exponent
P center node
Po in internal pressure at base of wall
Po out outside pressure at base of wall
Pw wind pressure
Pw + Shielding wind pressure including shielding effect
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qi hourly heat gain=loss
R (ideal gas law) specific gas constant
SC shielding coefficient
T temperature
dT temperature differential
Ti inside (indoor) room temperature
To outside (ambient) air temperature
TR reference temperature
Tsa sol-air temperature
V wind speed
VZref measured wind speed at reference height
W west node
ynp height of neutral pressure level
y height above bottom of zone
Z elevation
Zg gradient height of terrain
Zref elevation of wind speed measuring point
r density of solid material
rair density of air
rin density of inside air
rout density of outside air
t time
Dt time step
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